Plasma turbulence at ion kinetic scales in the solar wind is investigated using the multi-point magnetometer data from the Cluster spacecraft. By applying the k-filtering method, we are able to estimate the full three-dimensional power spectral density P (ω sc , k) at a certain spacecraft frequency ω sc in wavevector (k) space. By using the wavevector at the maximum power in P (ω sc , k) at each sampling frequency ω sc and the Doppler shifted frequency ω pla in the solar wind frame, the dispersion plot ω pla = ω pla (k) is found. Previous studies have been limited to very few intervals and have been hampered by large errors, which motivates a statistical study of 52 intervals of solar wind. We find that the turbulence is predominantly highly oblique to the magnetic field k ⊥ k , and propagates slowly in the plasma frame with most points having frequencies smaller than the proton gyrofrequency ω pla < Ω p . Weak agreement is found that turbulence at the ion kinetic scales consists of kinetic Alfvén waves and coherent structures advected with plasma bulk velocity plus some minor more compressible components. The results suggest that anti-sunward and sunward propagating magnetic fluctuations are of similar nature in both the fast and slow solar wind at ion kinetic scales. The fast wind has significantly more anti-sunward flux than sunward flux and the slow wind appears to be more balanced.
INTRODUCTION
Turbulence is an inherently unpredictable process; however, statistical descriptions can be extremely enlightening (Frisch 1995; Tu and Marsch 1995; Bruno & Carbone 2013) . The presence of a magnetic field in a plasma causes an anisotropy such that the wavenumber in the perpendicular direction is much larger than that in the parallel direction k ⊥ k (Shebalin et al. 1983; Goldreich & Sridhar 1995; Matthaeus et al. 1990; Bieber et al. 1996; Horbury et al. 2005; Dasso et al. 2005) . At large scales where the magnetohydrodynamic description is applicable the power spectrum follows a Kolmogorov scaling of −5/3 comparable to that observed in neutral fluids. At smaller scales a spectral break appears and is followed by a steepening of the power spectra near kρ i ∼ 1 or near kd i ∼ 1 (Bourouaine et al. 2012; , where ρ i refers to the ion Larmor radius, and d i refers to the ion inertial length. This may signify the beginning of ion kinetic processes where the magnetohydrodynamic (MHD) description is no longer valid. Typical spectral indices for this range between −3.75 and −1.75 is found at the ion kinetic scales (Alexandrova et al. 2009; Sahraoui et al. 2010b; Alexandrova et al. 2012; .
The break and the steepening observed in the power spectrum has been interpreted as being due to the damping of kinetic Alfvén waves (Sahraoui et al. 2010b; Podesta 2013) or the dispersion of fast/whistler waves (Biskamp et al. 1996; Stawicki et al. 2001; Gary & Smith 2009) , under the hypothesis that the nonlinear nature of turbulence cascade at kinetic scales may be approximated by linear waves. An alternative to the wave interpretation is that these scales are populated by nonlinear coherent structures, such as current sheets or magnetic vortices (Bruno et al. 2003; Osman et al. 2011; Perri et al. 2012; Roberts et al. 2013) .
Typically, single spacecraft observations are limited by the inability to differentiate between changes that happen in space and those in time, requiring Taylor's hypothesis to be invoked (Taylor 1938; Perri et al. 2010 ). This hypothesis may not be valid especially when waves are highly dispersive, flow speed is low (v sw < v A ) or when fluctuation amplitudes are large (Klein et al. 2014a; Howes et al. 2014) . The four Cluster spacecraft (Escoubet et al. 2001) , and their tetrahedral configuration allow spatial and temporal changes to be differentiated fully in three dimensions. One multi-spacecraft method which can be used with Cluster is the k-filtering technique (Pinçon & Lefeuvre 1991) . Under the assumption that the fluctuations can be described as a superposition of plane waves with random phases, the power spectral density P (ω sc , k) can then be estimated without the use of Taylor's hypothesis. Recently, the k-filtering technique has been further validated for a signal composed of coherent structures .
By obtaining the wavevector at the maximum power in the wavevector space at each sampling frequency we can investigate several properties of the fluctuations, such as their directions with respect to the global mean magnetic field B 0 , and whether they are directed in the sunward or anti-sunward directions. By Doppler shifting to the plasma frame using
the dispersion plot of the plasma ω = ω(k) can be determined and used as a diagnostic for the plasma waves present. Constructing a dispersion relation in such a way has been done in several plasma environments (Narita et al. 2004; Tjulin et al. 2008) with the use of the k-filtering/wave-telescope technique. This includes several studies in the solar wind (Sahraoui et al. 2010b; Narita et al. 2011b; Roberts et al. 2013; Perschke et al. 2013; Roberts 2014) . Unfortunately, the conclusions of these case studies, which all use a small number of time intervals, differ significantly. The results of these studies will be summarized here; Sahraoui et al. (2010b) perform the analysis on an interval of solar wind observing fluctuations that had very low frequencies in the plasma frame, and noted good agreement with the curves obtained from linear Vlasov theory for oblique KAWs. Roberts et al. (2013) also note that these fluctuations may also be explained as being characteristic of populations of coherent structures being advected (or moving with a small velocity in the plasma frame) by the plasma bulk velocity, or a combination of both structures and KAW turbulence. Narita et al. (2011b) conclude differently finding little evidence of a linear dispersion relation. Plasma frame frequencies are very high ω p > Ω p and there is a weak agreement with the curves for fast/whistler waves. The final study performed by Perschke et al. (2013) observed a weak agreement in the dispersion plot for some points with KAWs, ion Bernstein waves at various harmonics of the proton gyrofrequency and some points agreeing with quasi-oblique (60 • ) fast waves. However, all studies are in agreement that the wavevectors are at highly oblique angles with respect to the global mean field direction, with no quasi parallel fluctuations being observed.
In this paper we perform a statistical study of the dispersion relation in the solar wind magnetic fluctuations. The motivation for this study comes in an attempt to shed some light on the various contradictory results obtained from the four studies reviewed in the previous paragraph. We seek to determine what is the exact nature of these fluctuations and if indeed the dispersion plot is a robust technique to determine the plasma modes present. Two points that were raised in the study of Roberts et al. (2013) is that the errors associated with the velocity measurement are substantial, and that they also may be subject to a systematic error related to differential ion streaming, both can affect the interpretation of results substantially. There are also questions about the validity of using frequency as a diagnostic of the plasma wave, since wave-wave interactions may significantly broaden the frequency (Howes & Nielson 2013) . The data selection criteria will be presented in Section 2, followed by presentation of the results, and culminating in a discussion and conclusion.
DATA SELECTION
Magnetic field data is obtained from the fluxgate magnetometer (FGM; Balogh et al. 2001 ) on the Cluster spacecraft (Escoubet et al. 2001) . Full resolution data is available with a sampling rate of 22 s −1 and spin resolution plasma data (4 s) is available from the Hot Ion Analyzer (HIA) which is one of the two plasma instruments of the Cluster Ion Spectrometer instrument (CIS; Reme et al. 2001 ). All of the magnetic and plasma data will be taken from C1.
The data intervals studied here are from 2004 and 2005 where the spacecraft had separations of 200 km and 900 km respectively. This allows for the study of the inertial range (data from 2005) and the inertial and dissipation ranges of the solar wind magnetic field turbulence (data from 2004). The intervals include plasmas of various speeds (fast, slow, and possibly disturbed by a coronal mass ejection, CME) and plasma β values in an attempt to give the most comprehensive view of the turbulence irrespective of these values. In total we study 52 intervals; the parameters of these intervals are given in Tables 1-11 . In order to obtain as many data sets as possible we have not restricted ourselves to studying one type of wind, and considerations when selecting intervals have been due to spacecraft geometry, and stationarity of the magnetic fields. We have required planarity and elongation to be less than 0.15. In doing so any unphysical results due to an artificial anisotropy caused by under-sampling in one or more directions can be avoided (Sahraoui et al. 2010a) .
The magnetic field data is required to be stationary due to a limitation of the method. In this study we require the standard deviation of the magnitude of the magnetic field to be small and that they show no large changes (no discontinuities or shocks). We impose an upper limit for the standard deviation of the magnitude of the magnetic field σ Bmag to be less than 0.5nT. This is satisfied for all of the data intervals studied with most intervals being well below this maximum value. The standard deviation of the direction of the magnetic field σ Bdir is also required to be less than 20
• . Typically the standard deviation on the magnitude is σ Bmag 0.2nT and on the direction σ Bdir 10
• . In order to obtain the Doppler shifted plasma frame frequency ω pla as accurately as possible, the magnitude of the velocity must also be weakly stationary in a chosen interval. Therefore, we limit ourselves to cases where the standard deviation of the velocity is much smaller than 10% of the velocity measurement, so that the error on the mean velocity is mostly due to the measurement itself rather than temporal changes. This requirement is satisfied well in all intervals, with most standard deviations being σ v 10 km s −1 . The final criteria for selecting intervals is that the angle between the magnetic field vector and velocity vector θ vB > 60
• and that the E-field spectrum from the WHISPER instrument is quiet to avoid connection with the foreshock (Etcheto & Faucheux 1984; Lacombe et al. 1985) . Any connection to the foreshock may result in backstreaming charged particles (Asbridge et al. 1968; Anderson 1981) . Such particles and their associated plasma instabilities are characteristic of the foreshock and not the solar wind which is of interest.
A further step is taken to choose intervals of the free solar wind and not those that are associated with shocks or CMEs. We use the CME catalog of Jian et al. (2006) to check if there are any intervals that may include a CME. We find that some intervals (I3-I6) may be associated with a CME; in the case of I3 and I4 (2004 January 22) the CME arrives at the Active Composition Explorer (ACE) situated at the L1 Lagrange point just after our interval starts and we do not believe that it has any effect on the quality of our data since I4 ends 15 minutes after the CME is detected. The maximum velocity measured at ACE is 700 km s −1 . Since L1 is roughly 1.5 × 10 6 km away, this would give a lead time of roughly 35 minutes, meaning that the arrival time of the CME at Cluster will be well outside the interval (Jian et al. 2006) . The other cases are intervals I5-I6 (2004 January 24) with a CME seen to commence at ACE on the 23rd of January and end on the 25th; this appears to be a less powerful CME with a smaller velocity, and, although our interval is in the middle of this time period, density remains low (<10 cm −3 ) within the interval. The results from the analysis are not vastly different from other slow wind intervals. In analyzing solar wind data we must also be aware of Stream Interaction Regions (SIRs) where faster streams collide with slower streams. From a list of SIR events (Jian 2011) it appears that only I7-8 contain SIRs, and the parameters of these intervals are more indicative of fast solar wind. The hourly density and The lower limits are chosen to avoid data points with large uncertainties due to the technique. It should be noted that the exact frequency ranges where we can use k-filtering depend on the solar wind velocity (and the phase velocity of the waves obtained) as well as the minimum inter-spacecraft distance d min (see Equation (2) where k max = π/d min ). Therefore, the above limits should be taken as a rough estimate and the exact limits used depend on the individual interval in question. The key plasma and spacecraft parameters are presented in Tables 1-11 .
RESULTS
In Figure 2 we show a two-dimensional histogram where we plot the propagation angle θ kB 0 between the wavevector k and the global mean magnetic field in the interval B 0 . We see that the vast majority of points have highly oblique propagation angles (Sahraoui et al. 2010b; Narita et al. 2011b; Roberts et al. 2013; Perschke et al. 2013 ) with an average of 88.
• 6 and a standard deviation of 12.
• 3. We note that there is a small population of quasi-parallel fluctuations at low frequency, and wavenumber, which could be due to ion cyclotron waves (Jian et al. 2009 (Jian et al. , 2010 . Such quasi-parallel propagating fluctuations have also been observed in measurements of magnetic helicity (He et al. 2011; Podesta & Gary 2011 ) and the power of such fluctuations was very small or difficult to determine (He et al. 2012; Klein et al. 2014b ). The parallel fluctuations are rarely observed using this method, and only occur in 4 of the 52 intervals studied here. A further discussion of these points will be provided elsewhere (in the companion paper this issue, and Roberts 2015). If we omit these fluctuations the mean angle obtained climbs to 90.
• 1 and the standard deviation decreases to 7.
• 8. The two-dimensional histograms in Figure 2 were obtained with the angle results being placed in bins of 0.02 Hz on the horizontal axis (or (kv A /Ω p ) = 0.02) and 3
• on the vertical axis.
By applying the Doppler shift in Equation (1) to the wavevector obtained at the maximum power P (ω sc , k), and using the velocity measurement from the CIS instrument we can construct a dispersion plot ω pla = ω pla (k). Figure 3 shows a twodimensional histogram of the dispersion plots covering all 52 intervals studied; in this plot, counts are deposited in bins of size 0.06 × 0.06. The grey parts of the plot represent no counts, bluer areas have fewer counts and redder areas have more counts. The contour plots overlaid show regions which have 15%, 25%, 50%, 75% of the maximum counts in a single box. The vast majority of points lie between the limits −0.5 ω pla /Ω p 0.5 with a very small proportion above the proton gyrofrequency ω pla /Ω p > 1.
The area that has the highest counts is at small frequencies and wavenumbers. This is a result of combining data sets from 2004 and 2005 . In this region (between 0-0.3 Hz in the spacecraft frame) we roughly have twice as many samples. The main result here is that the majority of counts are close to zero frequency in agreement with Sahraoui et al. (2010b) and Roberts et al. (2013) . However, even this statistical study cannot distinguish between KAWs and coherent structures. It is also difficult to determine whether waves at low wavenumbers are propagating in the sunward or the anti-sunward direction. The region where the highest counts occur in Figure 3 may be described by KAWs, or structures (Sahraoui et al. 2010b; Roberts et al. 2013 ), but not whistler waves, which if present would be a minority component at these scales. It is also known that quasiperpendicularly propagating kinetic slow waves have similar frequencies to the KAWs and such waves have a contribution especially to the compressible wave power (Howes et al. 2012) . The statistical study presented in the current section is the combination of heterogeneous intervals with a wide variety of plasma parameters. Any subtle characteristics of a small number of intervals will have small significance with the properties seen in the majority of intervals dominating. It is well known that the fast and slow solar wind has different characteristics in terms of their heating mechanisms and the behavior of the embedded waves/turbulence (Tu & Marsch 1991; Leamon et al. 1998; Hamilton et al. 2008; Bruno & Carbone 2013) . Now we will analyze fast and slow wind intervals separately to see if we can find any significant differences. The angle plots for the two types of wind are not reproduced as there is no significant difference, with both wind types giving θ kB 0 ∼ 90
• . We define fast wind intervals to be when the solar wind velocity V sw > 540 km s −1 . 1 Four of these intervals were analyzed in the case study presented in Roberts et al. (2013) . We then define intervals that have speeds V sw < 450 km s −1 to be slow wind. However, this leaves many intervals in the intermediate range. To determine whether these should be considered in our analysis of the slow wind, we consider speeds in the interval 450 > v sw > 500 km s −1 which satisfy the density criteria n > 4cm −3 in our slow wind analysis. Intervals that do not fall into these criteria are eliminated from further analysis. In total, we study 11 intervals of fast solar wind and 30 intervals of slow solar wind while 11 are eliminated. The two-dimensional histogram showing the dispersion plot of the fast (and slow) wind cases is shown on the left (right) in Figure 4 . The two plots are quite similar. At low wavenumbers magnetic field fluctuations are close to ω pla ∼ 0, and there is a large spread of values with both positive and negative frequencies. However, there does seem to be a small increase in frequency as the wavenumber kv A /Ω p rises between 0.6-1.3, where an enhanced area of counts curves up. This agrees with the dispersion of kinetic Alfvén waves with near perpendicular propagation angles according to linear Vlasov theory (see the dispersion curves in Figure 3 ). A marked difference between the fast and slow wind dispersion plots is that the Doppler shifted frequency ω pla /Ω p has a substantially wider spread of values in the slow wind than in the fast wind. Another difference is that while the fast wind has more data points where ω pla /Ω p is positive, the slow wind appears to be more evenly distributed at positive and negative values. This may suggest that in the fast wind, there are more magnetic fluctuations propagating in the anti-sunward direction than in the sunward direction. In the slow wind, the fluctuations propagating in the two directions are more balanced. Later on, we will see that the power of anti-sunward and sunward fluctuations have similar behavior. However, since we have fewer fast wind cases, it is difficult to point out any differences definitively.
In Figure 4 , linear least squares fitting for the positive and negative frequencies is shown as dashed lines. The gradients of the linear least squares fitting for the positive and negative frequencies shown in Figure 4 have similar absolute values for both the fast and slow solar wind. This may suggest that the antisunward and sunward magnetic field fluctuations have similar dispersion relations.
A relevant issue pointed out by Roberts et al. (2013) is that the presence of alpha particles, and other heavier ions can affect the measurement of the proton bulk velocity V sw since the ion bulk velocity V f measured by CIS is based on the assumption that all recorded ions are protons. V sw is used to Doppler shift the spacecraft frequency ω sc to the plasma frame frequency ω pla (see Equation (1)). A substantial presence of alpha particles may affect the accuracy of V f and consequently the accuracy of ω pla especially at large k. The correction suggested by Roberts et al. (2013) is given as
The correction will be larger for higher alpha particle abundances, higher measured velocities V f , and will have more effect at larger wavenumbers. In extreme cases when we have both large velocities and alpha particle abundance this systematic error can be as large as ±Ω p at large wavenumbers (Roberts 2014) . (b) shows the number of counts for the positive and negative frequencies as a function of wavenumber with (without) the alpha particle correction suggested by Roberts et al. (2013) . Here we assume that negative frequencies are sunward propagating waves. In Figures 5(a) and (b) , the red curves show the proportion of the anti-sunward waves. It can be seen that the correction significantly modifies the number of sunward waves. The proportion of anti-sunward waves climbs from a mean value of around 50% to around 60%. This may also be an underestimation, since several measured negative frequencies might in fact be positive within the limit of uncertainties (Roberts et al. 2013) . We remark that this is an important issue when considering the sunward/anti-sunward interpretation of waves, and simply taking the absolute value of the frequency may be misleading given the systematic error due to alpha particles and other errors such as from the bulk velocity measurement.
The dispersion plot including all the 52 intervals is given in Figure 5 (c) and (5(d)) without (with) the correction due to the presence of alpha particles. The overall difference with and without the correction is small with intervals chosen mainly because the abundance of alpha particles is less than 3%. However, the difference in the gradients of the two linear least squares fits of the data shows that the difference can affect the interpretation of the results. For case studies especially, when we have fewer intervals the effect of the correction may be more pronounced.
After applying this correction we investigate the anti-sunward and the sunward powers by considering the ratio, (P out − P in )/(P out + P in ), which will give a value of 1 if all the power is in the anti-sunward direction and −1 if the power is in the sunward direction. Here P in and P out represent the average value of the combined normalized (to B 2 0 for each interval) power of sunward and anti-sunward propagating fluctuations. The result shown in Figure 6 . The ratio (P out −P in )/(P out +P in ) is plotted in Figure 6 (a) and 6(b) for the fast (slow) wind as a function of the wavenumber bin k. The averaged power is given in Figure 6 (c) and 6(d) for the fast and slow wind, respectively. The orange dashed lines denote the weighted averages of the power ratio
where P k is the power ratio at a given wavenumber bin k and σ is the error on that bin. The σ denotes the standard deviation of the powers in the bins normalized to the maximum power in the bin. The larger error bars on the fast solar wind cases shown in Figure 6 (a) are due to less counts in each bin, with an average of 20 counts per bin while the slow cases have average of 50 counts per bin. In the fast solar wind the power is dominantly outward with a weighted average of 0.19, while in the slow solar wind the power is more balanced with a weighted average of −0.06 for the slow wind cases. This suggests that there may be a subtle difference between the fast and the slow solar wind turbulence (Bruno & Carbone 2013) .
DISCUSSION
In this study we considered a large number of intervals using the k-filtering technique, and found that the turbulence is highly anisotropic with k ⊥ k at all scales except for in four intervals studied where there exists a small number of points at quasi-parallel propagation k k ⊥ at low wavenumbers kv A /Ω p 0.6. The four intervals make up a small fraction of the total data surveyed but may yield some new insights, and will be studied in detail (see the companion paper this issue, Roberts & Li 2015) . Turbulence at ion kinetic scales still has more power in the anti-sunward direction in the fast solar wind while more balanced in the slow solar wind. However, conclusions should be tentative since the number of intervals that are suitable for study are limited by the data requirements set out in Section 2 especially for the fast wind.
Analysis of the dispersion plot is hampered by large uncertainties in the velocity measurement, which is the dominant source of error when Doppler shifting the frequency to the plasma frame. The error on the wavevector is small in comparison to the error on the velocity measurement (e.g., Sahraoui et al. 2010a) . In this work, we try to improve the investigation of the dispersion relation by having a larger number of time intervals to minimize statistical uncertainties due to the velocity measurement. The dispersion plot shows that most points have frequencies less than the ion gyration frequency ω < Ω p with most counts in the vicinity of ω ∼ 0. There are some points at frequencies higher than the proton gyration frequency ω > Ω p . However, they make up only a small number of the total data points obtained and are statistically less significant than the points where ω < Ω p . The relative drift of alpha particles can significantly affect the measurement of the proton velocity, introducing a (a and b) shows the ratios of the powers (P out − P in )/(P out + P in ), where +1 denotes all power being anti-sunward and −1 denotes all power being sunward, as a function of wavenumber for fast and slow cases. The orange dashed lines denote the weighted average of (P out − P in )/(P out + P in ). (c) and (d) show the evolution of the total sunward and anti-sunward power as a function of wavenumber bin.
large systematic error on the proton velocity measurement. Many of the intervals studied here have very low alpha particle abundances and the effect is small for most intervals, but a larger alpha particle abundance may make the Doppler shifted frequency in the plasma frame inaccurate if the correction is not performed. When considering the dispersion plots for fast and slow wind separately we see some subtle differences. In both cases most points are close to ω pla /Ω p ∼ 0 consistent with either KAW turbulence or coherent structures, or a combination of them (Roberts et al. 2013) . For the fast wind the frequency shows a small spread, and increases slightly at larger wavenumbers for both anti-sunward and sunward propagating fluctuations, which is predicted for KAWs. For both the fast and slow wind, the best linear least square fitting to the ω pla − k relationship shows that the fluctuations have frequencies (magnitude) increasing at larger k and the gradients of the increase for both sunward and anti-sunward fluctuations are similar. This may suggest that anti-sunward and sunward propagating magnetic fluctuations have similar or the same physical nature at the ion kinetic scales studied.
We note that there are still sizable number (although the counts are small) data points that have the frequency spread (up to |ω pla |/Ω p ∼ 2) in the slow wind. This suggests that turbulence in the slow wind is more compressible than in the fast wind. We cannot rule out possible contributions of plasma waves such as kinetic fast waves. It has also be suggested that wave-wave interactions may be important in broadening the dispersion plot, e.g., (Howes & Nielson 2013) . However, the majority of points in this survey of both fast and slow wind are consistent with KAWs and/or coherent structures.
The negative frequencies detected in both the fast and slow solar wind in Figure 4 could be interpreted as waves propagating sunward. By considering the powers of waves traveling in both directions as a function of wavenumber, we see that the domination of anti-sunward waves over sunward waves is progressively weakened at ever smaller scales in the fast solar wind continuing the trend at MHD scales in the fast solar wind (Tu et al. 1990) . It is well established that on large scales, anti-sunward propagating Alfvén waves are dominating over sunward propagating waves especially in the fast solar wind (Belcher 1971) . The loss of the domination of the antisunward waves is largely due to the relative strengthening of the sunward propagating waves at high frequencies/wavenumbers, again similar to the case in the frequency band 10 −3 ∼ 10 −2 Hz observed by Helios (Tu et al. 1990) . Here the slow solar wind repeats the same trend although the domination of anti-sunward waves at small wavenumbers is less pronounced than in the fast solar wind.
For both the fast and slow solar wind, the relative weakening of the anti-sunward over sunward waves at small wavenumbers continues until at kv A /Ω p ∼ 0.3 (slow wind) and 0.35 (fast wind) where the anti-sunward and sunward fluctuations have equal power. The trend continues until kv A /Ω p ∼ 0.4 (slow wind) and 0.45 (fast wind) after which the trend has a reversal. We speculate that the later numbers may indicate the initiation of ion kinetic processes. Narita et al. (2011a) find that in the solar wind sunward waves are dominating at kv A /Ω p ∼ 1 while Perschke et al. (2013) find again that for a fast solar wind sunward waves are dominating at 1.6 kv A /Ω p < 3 (however, due to the magnitude of the solar wind speed and the limit of the k-filtering technique, we are unable to reach k values as large as those in Perschke et al. 2013 ). Our result is that in the slow wind the power ratio (P out − P in )/(P out + P in ) is close to 0 at ion kinetic scales and the power ratio is close to 0 (sunward and anti-sunward waves are largely balanced) at 1 < kv A /Ω p < 1.6 appear to be different to the results by (Narita et al. 2011a; Perschke et al. 2013) . Their difference could be due to a number of factors: for the intervals studied by Narita et al. (2011a) the craft were close to the foreshock, and there could be some sunward waves associated with the foreshock produced by backstreaming particles. Secondly, the elongation and planarity of the Cluster spacecraft for the time intervals studied by these studies are E > 0.3 and P > 0.1, which is much larger than the criteria used in this study, and may be undesirable for applying the k-filtering (Sahraoui et al. 2010a ) in such geometries. Thirdly, these studies were based on a small number of intervals. Furthermore, the error bars presented by Perschke et al. (2013) are the variance of the power ratios. The errors on the velocity measurement related to the alpha particles have not been accounted for. The large errors can make it difficult to determine which waves are indeed sunward and which are anti-sunward.
Several mechanisms may contribute to the observed magnetic field fluctuations in Figure 6 : MHD waves (mainly Alfvén waves), coherent structures, and waves produced by local plasma instabilities. The MHD waves are mainly propagating in the anti-sunward direction so they may contribute to a large ratio (P out − P in )/(P out + P in ). On the other hand, the distribution of coherent structures at various scales (such as static structures, current sheets, Alfvén vortices, and pressure balanced structures) may be random in space and these structures are expected to produce (P out − P in )/(P out + P in ) ≈ 0 on average. It is known that at MHD scales magnetic structures increase between 0.3 AU and 1 AU in the fast solar wind while no such evolution is seen in the slow solar wind (Bruno et al. 2007 ). Our result may suggest that at ion kinetic scales structures contribute more to the ion kinetic scale turbulence in the slow solar wind than in the fast solar wind. A parametric instability of anti-sunward propagating Alfvén waves may also contribute to the generation of sunward propagating Alfvén waves and anti-sunward propagating sound waves Tu et al. (1989) . Such an instability is certainly more likely to contribute to wave generation at very low frequencies where the amplitude of the anti-sunward propagating Alfvén waves is strong. The contribution of such instabilities to the wave generation at ion kinetic scales studied in this work is more difficult but has been discussed in numerical simulations (Matteini et al. 2010; Gao et al. 2014) . However, the parametric instability is not expected to account for the observed increase of the power ratio at 1 < kv A /Ω p < 1 since (anti-sunward) sound waves are subject to Landau damping while the daughter Alfvén waves are subject to less damping in a warm plasma such as the solar wind at 1AU. A cross scale generation mechanism has also been suggested to produce magnetic fluctuations at kinetic scales (Voitenko & Goossens 2005; Zhao et al. 2014) . Plasma temperature anisotropy instabilities and stream/stream instabilities may also be able to contribute to the observed increase of (P out − P in )/(P out + P in ) at 0.5 kv A /Ω p < 1.1.
We conjecture that due to the existence of a proton beam component and the fact that alpha particles often flow faster, protons may favor the production of waves propagating in the anti-sunward direction at ion scales. With these assumptions, we can tentatively explain the results of (P out − P in )/(P out + P in ) in Figure 6 for both the fast and slow wind. However, it is important to note that the powers used here are the powers associated with a maximum. In reality there is a plane of solutions in wave space that separate sunward and anti-sunward waves. A more in-depth study would look at the integrated power on either side of this plane.
Finally, we note that a new decrease of (P out − P in )/(P out + P in ) roughly occurs at kv A /Ω p > 1. We notice that instabilities such as plasma temperature anisotropy instabilities and stream/stream instabilities often have a upper limit at around kv A /Ω p ∼ 1. However, we have practiced caution here since at larger k, errors are large.
CONCLUSIONS
To conclude, we have presented a statistical study using the k-filtering technique for the fast and the slow solar wind. It is found that at ion kinetic scales (0.1 < kv A /Ω p < 1.6) the frequencies of magnetic field fluctuations are mostly at low frequencies in the plasma frame consistent with the interpretation presented in Roberts et al. (2013) . Our results suggest that statistically speaking, the dispersion relation plots show that in both the fast and slow solar wind, anti-sunward and sunward propagating fluctuations are of similar nature and they are consistent to the picture that KAWs and coherent structures are populated in the ion kinetic scales. In the fast wind, the spread of ω pla /Ω p is small while in the slow wind the frequencies are found to be broadened much more. We suggest that the slow solar wind is in a more developed state of turbulence. Our results are consistent with the scenario that the slow solar wind contains more structures, which may correspond to its origin on closed magnetic field lines on the Sun. The fast wind was shown to have significantly more anti-sunward flux than sunward flux and the slow wind appears to be more balanced. Finally, the angle plots revealed some quasi parallel fluctuations, which will be investigated in more detail in a separate study (Roberts & Li 2015) .
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